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| INTRODUC TI ON
Stroke is the second leading cause of death and one of the leading causes of disability worldwide. 1, 2 Among all possible pathological processes occurring after ischemic stroke, free radical damage and oxidative stress have been found to play a key role in stroke. 3, 4 There is an increasing amount of experimental evidence that oxidative stress is a causal, or at least an ancillary factor in the neuropathology of stroke. The mechanism of oxidative stress-induced neuronal death in ischemic stroke has been extensively studied. 5, 6 It is now well established that different molecular changes converge during brain ischemia and reperfusion to produce damaging concentrations of reactive oxygen species (ROS) and reactive nitrogen species (RNS) that can prevent clinical improvement, which promotes lipid peroxidation, mitochondrial and DNA damage, protein nitration and oxidation, depletion of antioxidant reserves, activation or inhibition of multiple signaling pathways, and breakdown of the blood-brain barrier. 7, 8 L-glutamine is an antioxidant that was approved by the Food and Drug Administration in 2017 for the treatment of sickle cell anemia. 9 In the enzymatic antioxidant system, glutathione (GSH) and superoxide dismutase (SOD) are the most important antioxidants which work together to counteract oxidative stress in cells and protect brain from ischemia-reperfusion damage. L-glutamine is a precursor of reduced GSH, which had been shown to have antioxidative stress effects. Therefore, we tried to study whether direct supplementation of L-glutamine can provide the same oxidative stress protection on brain injury.
L-glutamine is involved in nitrogen transport, regulation of acid-base homeostasis, and catabolic signaling. 9 It is also a substrate for glutathione synthesis, basic building block for proteins, and a potential inhibitory agent for inflammatory cytokine release. 10 The glutamate-glutamine cycle is thought to be integral in continuously replenishing the neurotransmitter pool of glutamate.
Neurotransmitter glutamate is released from the presynaptic terminals of neuron and interacts with receptors in the postsynaptic membrane. After uptake into astrocytes, glutamate is converted to glutamine by glutamine synthetase which is exclusively expressed in glial cells. 11 Ischemia results in ATP loss, which contributes to the paralysis of glutamate transporters that normally remove released glutamate from the synaptic cleft; the excess of glutamate in extracellular space leads to excessive activation of glutamate receptors and pathological rise of Ca2 + ; neuron is consequently subjected to overwhelming ion flux, leading to the occurrence of excitotoxicity. 12 Studies have shown that increasing the net glutamine output in the glutamate-glutamine cycle after brain injury reduced glutamate excitotoxicity, and protected neuronal viability. 13 The application of 0.75 g/kg dipeptide alanyl glutamine, as an effective L-glutamine supplement, increased plasma glutamine without elevating brain glutamate in patients, which indicated that appropriate L-glutamine administration was not associated with signs of potential glutamatemediated cerebral injury.
14 Heat-shock proteins (HSPs) are induced by various of environmental stresses and classified into several families on the basis of their apparent molecular sizes, including HSP110, HSP90, HSP70, HSP60, HSP32, and small HSPs. [15] [16] [17] Several studies have shown that HSPs are involved in protecting brain from ischemic stroke which could be attributed to their chaperone functions. 18, 19 Among all the HSPs, HSP70 is a central component in the cellular network of molecular chaperones and folding catalysts as well as a highly stress-inducible member of a chaperone protein family. 20 Studies suggest that L-glutamine enhances HSP70 expression through the hexosamine biosynthetic pathway (HBP) where the amino group from glutamine is transferred to fructose-6-phosphate by glutamine fructose-6-amidotransferase (GFAT) and eventually yield UDP-Nacetyl glucosamine (UDP-GlcNAc). Studies using knockout models have clarified that the induction of HSP is necessary for the beneficial effects of L-glutamine supplementation after injury. 21 It has been reported that HSP70 induced by L-glutamine protected against ischemia-reperfusion injury in different organs including kidney, intestine, liver, and lung, 22, 23 however, it remains unclear whether L-glutamine treatment can protect against cerebral ischemic injury. In this study, we investigated the effect of L-glutamine (L-GLN), a recent FDA-approved antioxidant, in attenuating ischemic brain injury. Our work explored the potential interventions of cerebral ischemic injury using this clinically approved molecule.
We believe this study opens new possibilities in stroke treatment using L-glutamine. Astrocytes or BEND.3 cells alone cultured with L-glutamine-free medium and without OGD were used as control. Subsequently, neurons cultured with four corresponding conditioned mediums after OGD were used for further analysis.
| MATERIAL S AND ME THODS

| Experimental design
| MCAO surgery
Animals were anesthetized with 1.5% isoflurane in a 30% O2/68.5%NO mixture under spontaneous breathing conditions. A 6-0 suture (Covidien) coated with silicon was gently inserted from the external carotid artery (ECA) with an advancement of 9-10 mm until reaching the intersection of the middle cerebral artery (MCA).
After 90-minute ischemia, the suture was withdrawn. A laser Doppler flowmetry (Moor Instruments) was used to monitor the blood flow in the MCA territory before surgery, immediately after occlusion, and reperfusion. Successful occlusion of MCA was confirmed as a decline in the regional blood flow of ipsilateral hemisphere by more than 80% compared to the contralateral hemisphere.
| Drug administration
For the therapeutic window study, 0.75 g/kg L-glutamine (Thermo 
| Neurobehavioral assessments
Neurobehavioral tests were performed before MCAO and at 1, 3, 7, and 14 days after MCAO by an investigator blinded to the experimental design using the modified neurological severity score (mNSS), elevated body swing test (EBST), hanging wire test, and rotarod test (Rotor-Rod). The detailed criteria are shown in Table S1 .
| Infarct volume measurement
A total of 72 hours after stroke, the mouse was perfused with 
| Western blotting analysis
Of 24 and 72 hours after stroke, proteins were extracted from the ipsilateral hemisphere of cortex and striatum of the mouse and Immunoblots were detected using an enhanced chemiluminescence kit (FD Technology) and calculated using ImageJ software (NIH).
| Real-time polymerase chain reaction analysis
The total RNA from the ipsilateral hemisphere was extracted from tissues around the lesion sites at 24 and 72 hours after MCAO using TRIzol (Life Technologies), and real-time PCR was performed according to the manufacturer's instructions. The cDNA was synthesized by reverse transcriptase-polymerase chain reaction (PCR) using a SYBR Premix Ex Taq Kit (Life Technologies). All procedures were performed following the manufacturer's protocol. Gene transcription was detected by real-time PCR in a 7900HT sequence detection system (Applied Biosystems) using specific primers designed from known sequences. GAPDH (Cell Signaling Technology) was used as an endogenous control. Sequence-specific primers for HSP10, HSP27, HSP32, HSP60, HSP70, HSP90, HSP110, IL-1β, IL-6, TGF-β, IL-10, and GADPH are shown in Table S2 .
| Oxidative stress analysis
The supernatants of serum from animals were subjected to SOD, GSH, and MDA assays using commercial kit (Jiancheng Bioengineering Institute) to assess the antioxidative ability of the tissue.
For detection of reactive oxygen species (ROS) in vitro, astrocytes were seeded on 6-well plates, exposed to OGD for 5 hours, 
| Cell viability and cytotoxicity assessment
Cell viability was evaluated using Cell Counting Kit-8 (CCK-8;
Beyotime). The absorbance at 450 nm was read using a microplate reader (BioTek). The supernatant of the OGD cells was collected for cytotoxicity assessment using a lactate dehydrogenase (LDH) kit (Beyotime). Samples were measured for absorbance at 490 nm with a microplate reader (BioTek).
| Statistical analysis
The parametric data were analyzed using SPSS v24.0 (SPSS Inc).
One-way ANOVA followed by Bonferroni post hoc tests was used for statistical comparisons among multiple groups. All data were expressed as mean ± SD, and P < 0.05 was considered statistical significance.
| RE SULTS
| L-glutamine treatment reduced infarct volume and promoted neurobehavioral recovery in mice after stroke
Our experiment was designed as illustrated in Figure 1A . Laser speckle contrast imaging was used to monitor blood flow in brain cortex after suture occlusion and reperfusion ( Figure S1A ). L-glutamine injection significantly reduced infarct volume, while addition of Apoptozole reversed the protective effect ( Figure 1B ). Of 4 mg/kg Apoptozole-only treatment did not affect the infarct volume of mice.
The mNSS score of mice in the L-glutamine-treated group was lower than that of the saline-treated group, the L-glutamine + Apoptozoletreated group, and the Apoptozole alone group at 1, 3, 7, and 14 days after MCAO ( Figure 1C ). Treatment with L-glutamine also improved animal performance in rotarod test at 3, 7, and 14 days ( Figure 1D ), hanging wire tests at 14 days ( Figure 1E) , and EBST at 7 and 14 days after MCAO ( Figure 1F ). In addition, our results showed that there was no difference in behavioral performance of stroke mice among Apoptozole alone group, L-glutamine + Apoptozole group, and saline group.
| L-glutamine treatment upregulated HSP70 expression, increased antioxidant levels, and reduced inflammatory response in stroke mice
Western blot confirmed that L-glutamine treatment increased HSP70 expression in the cortex at 24 hours and 72 hours after MCAO (Figure 2A ), while no significant difference in the striatum until 72 hours ( Figure S2B ). It is known that Apoptozole inhibits the ATPase activity of HSP70 by binding to its ATPase domain but not affects HSP70 expression. 24 Indeed, we found Apoptozole treatment did not affect HSP70 upregulation caused by L-glutamine treatment ( Figure 2B ). Oxidative stress assessment indicated that L-glutamine increased SOD and GSH levels and decreased MDA level compared with the saline group ( Figure 2C ). Western blot revealed that L-glutamine treatment increased the expression of Nrf2 and decreased that of NF-κB at 24 hours after ischemic stroke ( Figure 2D ).
F I G U R E 1 L-glutamine reduced brain infarct volume and promoted neurobehavioral recovery in mice. A, The experimental scheme. B, Representative cresyl violet-stained brain sections at 72 h and the statistics of infarct volume of sham (n = 9), saline (n = 9), L-glutamine (n = 8), L-glutamine + Apoptozole group (n = 6), and Apoptozole alone group (n = 7), *P < 0.05, ***P < 0.001. Line graphs showed four separate behavioral tests including modified neurological severity score (C), rotarod performance tests (D), hanging wire tests (E), and elevated body swing tests (F), n = 5-10 per group, from C-F, *P < 0.05, **P < 0.01 (L-glutamine group vs. saline group), # P < 0.05, ## P < 0.01, ### P < 0.001(Lglutamine group vs. L-glutamine + Apoptozole group). & P < 0.05, && P < 0.01, &&& P < 0.001(L-glutamine group vs. Apoptozole alone group).
Data are presented as mean ± SD
| L-glutamine increased HSP70 expression in astrocytes and endothelial cells and reduced neuron apoptosis in stroke mice brain
To determine the cellular source of HSP70, we performed HSP70/ NeuN, HSP70/Iba-1, HSP70/GFAP, and HSP70/CD31 double staining. Our results showed that HSP70 was expressed in astrocytes, microglia, neurons, and endothelial cells at 72 hours after brain injury ( Figure 3A) , and L-glutamine treatment increased the number of HSP70+ astrocytes and endothelial cells in the peri-infarct area ( Figure 3B ). Interestingly, the detailed localization of immunofluorescent images revealed that HSP70 mainly expressed in astrocytes that wrapped around the blood vessels in the peri-infarct area ( Figure 3C ). TUNEL/NeuN double staining showed that L-glutamine significantly reduced neuronal apoptosis in the peri-infarct area at 72 hours ( Figure 3D ).
| L-glutamine promoted astrocytes proliferation, activated STAT3 pathway, and upregulated BDNF via HSP70 in vivo
To evaluate the effects of L-glutamine on the proliferation of as- 
| D ISCUSS I ON
L-glutamine plays an essential role in promoting and maintaining the function of many organs, and studies have shown that L-glutamine enhanced HSP expression in lung injury models. 10 HSP70
is the major stress-inducible member of the HSP family which is expressed at low levels in nearly all intracellular compartments. 25 Our study demonstrated that L-glutamine treatment increased the mRNA levels of HSP32, HSP70, and HSP110 in mouse brain after stroke, while HSP90 decreased compared to the saline group ( Figure   S2A , Table S2 ). HSP70 was upregulated in response to cell stress and protected tissues and organs against brain ischemic injury.
HSP70 induction initially occurs within neurons of the penumbra, and it also can be detected in endothelial and glial cells in the area adjacent to the infarct. 26 Astrocytes and endothelial cells are less vulnerable than neurons in neurodegenerative diseases, 27, 28 which is probably due to the different activity of C terminus of Hsc70-interacting protein (CHIP) and HSP-BP1 in different cells. 29 It had been reported that the overexpression of HSP70 in mice improved survival of neurons and astrocytes from ischemia and ischemia-like insults. 30, 31 In our study, we revealed that L-glutamine upregulated astrocyte-and EC-derived HSP70 in the ipsilateral hemisphere, and protected neuronal survival in mice after stroke.
L-glutamine is an indispensable nutrient for cell cycle progression through the G1 phase. 32 L-glutamine supplementation has been reported to promote cell proliferation and protect gut barrier. 33, 34 Our results confirmed that L-glutamine administration promoted the proliferation of astrocytes in the peri-infarct area. Multiple experimental evidence indicates that the process of reactive astrocyte proliferation exerts a necessary beneficial function. [35] [36] [37] Astrocyte proliferation plays an important role in regulating brain microenvironment through extracellular neurotransmitter regulation 38 and neural growth factor secretion 39 in the period of acute cerebral ischemia. Acting as a transcriptional factor that involved in cell survival F I G U R E 6 L-glutamine protected astrocytes from oxidative stress and increased HSP70. A, DCFH-DA probes were loaded in astrocytes to measure the intracellular ROS. Fluorescent imaging (B) and flow cytometry (C) showed the level of ROS in astrocytes that treated with DCFH-DA. Bar = 100 μm. The overlaid histogram shows the shift of fluorescence intensity (yellow for control and red for treated samples), n = 5 per group. D, Western blot analysis of STAT3, HSP70, Nrf2, and BDNF in astrocytes cultured in 4 groups, n = 3 per group. Data are presented as mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001 and proliferation, STAT3 is an early trigger for astrogliosis. 40, 41 BDNF is mainly secreted by astrocytes, which affect neuronal differentiation and survival. Here, we found that p-STAT3 and BDNF levels increased in parallel to HSP70 upregulation, indicating that Lglutamine-induced HSP70 was involved in the proliferation of astrocytes by activating p-STAT3 pathway and promoted the secretion of BDNF after ischemic stroke ( Figure 6D ).
Given that oxidative stress is a key component of ischemic stroke pathology, it is important to improve organic antioxidative effect and attenuated lipid peroxidation in stroke. 6 In the enzyme antioxidant system, SOD and GSH are the most important antioxidants which work together to counteract oxidative stress in cells and protect brain from ROS damage. 42 Nrf2 regulates the expression of antioxidant proteins to protect against oxidative damage. 43, 44 Recent studies have indicated that L-glutamine augments the binding of Nrf2 onto BCL2 gene promoter and protects against ischemia-reperfusion injury in vivo by activating the Nrf2/Are signaling pathway to inhibit ROS production and reduce cell apoptosis. 45, 46 Our data revealed that the expression of Nrf2 paralleled the upregulation of HSP70
induced by L-glutamine in the peri-infarct region at 24 hours after reperfusion, suggesting that L-glutamine may be an activator of Nrf2 activity after ischemic stroke ( Figure 6D ). HSP70 modulates inflammatory responses by inhibiting the activation of the inflammatory transcription factor (NF-κB) and prevents the formation of apoptotic bodies and subsequent caspase-9 activation by interacting with Apaf1. 47, 48 Our present findings confirmed that L-glutamine-induced HSP70 triggered the release of antiinflammatory cytokines (TGF-β and IL-10) and reduced inflammatory factors (IL-1β and IL-6) ( Figure   S1C ) via NF-κB pathway, as well as downregulated BAX/BCL2 in the ischemic penumbra to inhibit apoptosis. 48 In our present study, we demonstrated that L-glutamine treatment has a protective effect on cerebral ischemic injury by reducing oxidative stress, inflammatory response, and promoting astrocyte proliferation, accompanied by the upregulation of HSP70. Such beneficial effects were abolished by the coadministration of Apoptozole, indicating the central role of HSP70 in the protective effect of Lglutamine. It is noted that L-glutamine has been already approved by the FDA for the treatment of sickle cell disease, suggesting its clinical safety. We believe the drug possesses high potential from bench-side to bedside for ischemic stroke.
| CON CLUS ION
Our work demonstrated that L-glutamine reduced brain infarct volume and promoted neurobehavioral recovery in mice after brain ischemia, which were associated with HSP70 ( Figure S3 ), opening a new avenue for treating ischemic stroke.
